Abstract: Organic/inorganic hybrid was successfully prepared by sol-gel technique, which consisted of polyvinyl acetate (PVAc) as organic segment and titanium dioxide (TiO 2 ) as inorganic part. The PVAc/ TiO2 hybrid nanofibers were fabricated by electrospinning. The structures and properties of the hybrid nanofibers were investigated by transmission electronic microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM), thermogravimetric analyzer (TGA) and tensile testing. SEM observation revealed the fibrous structures of the hybrid nanofibers. AFM and TEM images indicated the surface morphology and inner structures of the hybrid nanofibers. It was found by TGA analysis that the thermal stability of pure PVAc nanofibers was enhanced by the increase of TiO2 phase. The breaking strength was increased while the breaking elongation was decreased as the TiO2 content increased.
Introduction
There have been increasing reports on new materials having nanophasic morphology where an organic phase is strictly interconnected with an inorganic one [1] [2] [3] [4] . These new materials, called nanocomposites or organic-inorganic hybrids, afford to combine both the advantages of the organic materials such as lightweight, flexibility and good moldability, and of inorganic materials such as high strength, heat-stable, and chemical resistance. The organic-inorganic hybrid nanocomposites have been fabricated into various forms for various applications. These materials have been fabricated into membranes, sheets and fibers and they are usually applied in such fields as optical, mechanical, electronic and biomedical applications [5, 6] . On the other hand, when the diameters of polymer fiber materials come to nanometers, there appear several attracting characteristics such as very large surface area, flexibility in surface functionalities, and superior mechanical performance compared with other known form of materials [7] . These outstanding properties make the polymer nanofibers have great potential in composite system [5] , biomedical applications [8] , and template for the preparation of functional nanotubes [9] . As a result, the fabrication of polymer/inorganic composite nanofibers will combine the advantages of organic-inorganic hybrids and nanofibers and may generate new functions to the materials.
In the present work, the PVAc/TiO 2 hybrid solution was prepared in sol-gel process. Electrospinning technique was employed to fabricate PVAc/TiO 2 hybrid nanofibers. The structures and properties of the hybrid nanofibers were characterized by scanning electron microscopy (SEM), atomic force microscopy (AFM), transmission electron microscopy (TEM), thermogravimetric analyzer (TGA) and tensile testing.
Results and Discussion

Structure and morphology
A series of SEM images of the nanofibers electrospun from PVAc and PVAc/TiO 2 solutions are shown in Fig.1 . It is clearly revealed that the nanofibers electrospun from PVAc and PVAc/TiO 2 solutions formed fibrous webs and the nanofibers were randomly distributed in the webs, as presented in Fig. 1 . It is also observed that the electrospun nanofibers had variable diameters in the fibrous web. The images in Fig. 1 also indicate that the average diameter of the electrospun PVAc/TiO 2 nanofiber was significantly affected by the amount of TiO 2 sol added. It is clearly recognized that the average diameter of the PVAc/TiO 2 nanofiber decreased with increasing content of TiO 2 in the polymer, as shown in Fig.1 . It appears that the diameter distribution of the hybrid nanofibers in Fig.1b and 1c became more uniform than those of PVAc nanofibers in Fig.1a . SEM images present the fibrous structures of the nanofibers, but the SEM images obtained failed to show distinguishable TiO 2 domain in the PVAc/TiO 2 hybrid nanofibers. The AFM and TEM observations could give more information on the surface and inner structures of the hybrid nanofibers.
TEM observations clearly reveal the inorganic domain in the PVAc/TiO 2 hybrid nanofibers as illustrated in Fig. 2 . As expected, the TiO 2 particles were gathered by some smaller particles like a network and enwrapped in the nanofiber or inlayed on the nanofiber surface, the ranges of the small particle's diameters was from 30 nm to 85 nm, as shown in Fig. 2a and 2b . In the electrospinning process, the charged jet was elongated and accelerated by the electrostatic field, undergoing a variety of instabilities [10] , so the various instabilities caused the uneven distribution of the TiO 2 particles in nanofibers. It can also be found from the images in Fig. 2 that some black streaks with various length substances was distributed in the nanofibers, which may be the mixture of TBT hydrolysis products. The TEM image also reveals the formation of undivided branch nanofiber, as indicated in Fig. 2c . It is because of the nanofiber being collected on the collector before it is totally divided by splitting of the charged jets in the electrostatic field [11] .
The AFM images reveal the surface of the hybrid nanofibers, as presented in Fig. 3 . Compared to the TEM images, similar phenomena are also found in the AFM images, as displayed in Fig. 3 . It can be seen from Fig. 3a and 3b that these enwrapped or inlayed TiO 2 particles seemed to be responsible for the different protuberance formation on the nanofiber surface. In addition, some undivided branched structures were appeared in Fig. 3c , which looked very similar to those in Fig. 2c .
The relatively even distribution of TiO 2 particles in the PVAc/ TiO 2 membrane (Fig. 4) also confirmed the effect of the instability on the distribution of the gathered TiO 2 particles in the electrospun nanofibers. The average diameter of the gathered TiO 2 particles is about 103 nm.
Thermal analysis
The thermal gravity analysis (TGA) curves of PVAc/TiO 2 nanofibers with different TiO 2 content are presented in Fig. 5 , It is observed that all these samples underwent two degradation steps. It also clearly shows that the presence of TiO 2 improved thermal stability of the nanofibers. An increase in TiO 2 content led to the increased onset temperature of degradation of the hybrid nanofibers. The thermal decomposition temperature of the PVAc/TiO 2 nanofibers also increased with increasing TiO 2 content in the range studied. The effects of TiO 2 content (0 wt%, 0.36 wt%, 0.72 wt%) on the breaking strength and breaking elongation of PVAc/TiO 2 hybrid nanofiber mats are shown in Fig. 6 . It can be seen from Fig. 6 that PVAc/TiO 2 nanofibers exhibited much better tensile strength on increase of TiO 2 content, meanwhile, the elongation at break dropped.
From the results of TGA and tensile analyses, it is believed that interaction of hydrogen bond or other coordinate bonds might be formed in the nanofibers between TiO 2 inorganic network and polymeric chains after sol-gel process [11, 12] . The enhancement in thermal stability and tensile strength were attributed to the presence of bonds, which increased the rigidity of macromolecular chain and enhanced the energy needed by polymeric chain movement and breakage. On the other hand, the increase of TiO 2 network restricted the movement of polymer molecules, which weakened the flexibility of nanofiber. Therefore the elongation at break decreased as TiO 2 content increased. 
Conclusions
This study has explored the surface morphology, thermal and mechanical properties of the electrospun PVAc/TiO 2 hybrid nanofibers. The addition of TiO 2 sol in PVAc matrix led to the decrease in nanofiber diameters and the formation of the protuberance structures on the nanofiber surface. The TiO 2 particles were detected to be enwrapped in the nanofiber or inlayed on the nanofiber surface. The mixture of TBT hydrolysis products were brokenly distributed in the nanofiber. The TGA and tensile property analysis revealed that the strength and thermal stability were enhanced as an increase of TiO 2 content. It can be reasonably concluded that interaction of hydrogen bond or other coordinate bonds were formed in the nanofibers between TiO 2 inorganic network and polymeric chains.
Experimental
Materials
Polyvinyl acetate (PVAc) with a molecular weight 30000-50000, obtained from Sinopharm Chemical Reagent Co, Ltd, China, was used. Tetrabutyl titanate (TBT) of chemically pure reagent grade was used for preparing TiO 2 sol. Ethanol and acetone used was of analytical grade. Diethanolamine in chemically pure grade was used as the inhibiting agent for the hydrolysis process of TBT. 
Electrospinning
In the electrospinning process, a high voltage power was applied to the solution contained in a syringe via an alligator clip attached to the syringe needle. The solution was delivered to the blunt needle (the nozzle diameter is about 0.7mm) tip via a microinfusion pump (WZ-50C2, Zhejiang, China) to control the solution flow rate in 1.0ml/h. The electrospun fibers were collected on an electrically grounded aluminum foil. The distance between needle tip and aluminum foil was 10 cm.
SEM characterization
The nanofiber mats were collected on an aluminum foil with a dense web. The fibrous structures of the nanofibers were observed with a scanning electron microscope (JSM-5610 LV, Janpan) after a gold coating.
TEM observation
The electrospun nanofibers for TEM observation were collected on a 300 mesh copper grid during the electrospinning. The TEM images of the hybrid nanofibers were obtained by using a TecnaiG220 microscope with an accelerating voltage of 200 kV.
AFM scanning
The electrospun nanofibers with the aluminum foil collector were used for AFM scanning. The AFM scanning was performed on a CSPM4000 AFM (Benyuan Co, Ltd, China). Scanning was carried out in tapping mode. The scanning frequency was set at 1.0 Hz. The surface morphology of single nanofiber was analyzed based on the AFM observations.
Thermal analysis
Thermogravimetric analyzer (TGA) measurements were carried out using a TGA /SDTA 851e thermal analyzer. The experiment began by heating the sample from 100 to 1000 0 C using a heating rate of 10 K/min. The measurements were made in the nitrogen atmosphere.
Mechanical properties
The mechanical properties were examined by an electronic tensile instrument (YG001, China) at 20 0 C and 65 % relative humidity. The measuring length of the sample was 20 mm with 1 mm in width, and the cross head speed was 20 mm/min.
